Solubilization of a reduced nicotinamide adenine dinucleotide (NADH)-2,6 dichlorophenol indophenol (DCIP) oxidoreductase associated with the membrane NADH oxidase system of Bacillus megaterium KM was effected by treatment with 0.2% sodium deoxycholate, 8 M urea, or buffer (pH 9.0) in the presence of ethylenediaminetetraacetate. These treatments inactivated membrane NADH oxidase. It was found that membrane NADH oxidase and NADH-DCIP oxidoreductase were masked in membranes. Several procedures, including brief sonic oscillation, treatment with 0.05% deoxycholate, prolonged stirring at 4 C with 10% glycerol, and washing in the absence of Mg2+, unmasked the oxidase and oxidoreductase activities. It was necessary to study the masking and unmasking of these activities to quantitate adequately the effects of solubilization procedures. Further information on the localization of oxidase and oxidoreductase in subcellular fractions and the effects of electron transport inhibitors on NADH oxidation was also obtained.
Solubilization of a reduced nicotinamide adenine dinucleotide (NADH)-2,6 dichlorophenol indophenol (DCIP) oxidoreductase associated with the membrane NADH oxidase system of Bacillus megaterium KM was effected by treatment with 0.2% sodium deoxycholate, 8 M urea, or buffer (pH 9.0) in the presence of ethylenediaminetetraacetate. These treatments inactivated membrane NADH oxidase. It was found that membrane NADH oxidase and NADH-DCIP oxidoreductase were masked in membranes. Several procedures, including brief sonic oscillation, treatment with 0.05% deoxycholate, prolonged stirring at 4 C with 10% glycerol, and washing in the absence of Mg2+, unmasked the oxidase and oxidoreductase activities. It was necessary to study the masking and unmasking of these activities to quantitate adequately the effects of solubilization procedures. Further information on the localization of oxidase and oxidoreductase in subcellular fractions and the effects of electron transport inhibitors on NADH oxidation was also obtained.
One approach to understanding the relationship of the molecular architecture of membraneassociated electron transport systems to the function of these systems involves the solubilization and separation of essential components followed by the integration of the components to reestablish the original functional activity of the membrane. This approach has been used extensively with the electron transport system of mitochondria (8, 18) . Little use has been made of this approach with bacterial systems. We chose to study the reduced nicotinamide adenine dinucleotide (NADH) oxidase system of Bacillus megaterium KM with the hope of eventually being able to apply this approach to this particular electron transport system.
The NADH oxidase of B. megaterium KM is known to be a membrane-bound, electron transport system (3) . This investigation was initiated for the main purpose of surveying methods for solubilizing the NADH oxidase. We recognized that solubilization could easily be expected to disrupt the complex of reactions involved in the flow of electrons from NADH to 02. We used the less complex transfer of electrons from NADH to 2, 6-dichlorophenol indophenol (NADH- 1 Presented in part at the 68th Annual Meeting of the American Society for Microbiology, Detroit, Mich., [5] [6] [7] [8] [9] [10] In the oxidoreductase and oxidase assays, the amount of enzyme activity was proportional to enzyme concentration. A unit of NADH oxidase is the amount catalyzing the oxidation of 1 jAmole of NADH in 1 min.
Electron microscopy. Suitable dilutions of membrane preparations were layered on carbon-coated glass discs by centrifugation in a SW-39 rotor of a Spinco model L centrifuge at 20,000 rev/min for 60 min. Particles were fixed on discs with 2% osmic acid vapors for 30 min and dehydrated in alcohol before air-drying at room temperature. Dried preparations were shadowed at a 15°angle with platinum carbon, removed from glass discs and mounted on microscope grids. Observations were made with an Akashi EM-TRS-50.
Miscellaneous. Protoplast ghosts were sonically treated in 25-ml stainless-steel centrifuge tubes immersed in an ice bath. A Branson sonifier was used at an output of 7.5 amp unless stated otherwise.
Membrane protein was estimated by heating membranes in 0.5 N NaOH for 15 min at 100 C and assaying the supernatant solution by using the Lowry method (9). Crystalline bovine serum albumin (Pentex, Kankakee, Ill.), treated in the same way as the membranes, was used as a protein standard. All centrifugations were at 0 C.
RESULTS
Localization of oxidase and oxidoreductase. Essentially all of the NADH oxidase of B. megaterium was localized in protoplast ghost membranes ( Table 1) . The large increase in NADH oxidase obtained after sonic treatment of ghost membranes represents unmasking and will be discussed in detail below. Only traces of oxidase were found in the supernatant fluid obtained after low centrifugal force separation of protoplasts from the hypertonic medium used for the preparation of protoplasts (Table 1) . These results were obtained with protoplasts prepared in 2 mm Mg'+ which keeps the mesosomes of B. subtilis attached to protoplasts formed in hypertonic media (12) . Preparation of protoplasts in the absence of Mg2+ with or without 1 mm EDTA, however, did not lead to release of oxidase into the supernatant fluid of the hypertonic medium. These centrifugation studies did not provide any evidence for mesosomal localization of the NADH oxidase electron transport system of B. megaterium. Similar results were obtained with B. licheniformis by Reavely and Rogers (11) .
Although only a trace amount of NADH oxidase was found in the supernatant fluid obtained after centrifugation of deoxyribonucleasetreated, hypotonically-lysed protoplasts (Table  1) , significant amounts of NADH-DCIP oxidoreductase were present in the supernatant fluid (Table 1) . Separate experiments showed an almost equivalent amount of NADPH-DCIP oxidoreductase activity in the lysis supernatant fluid, but no NADPH oxidase was detected in any of the subcellular fractions prepared from protoplasts.
The largest amount of NADH-DCIP oxidoreductase was found in ghost membranes treated with 0.2% sodium deoxycholate ( Table 1) . Assay of NADH-DCIP oxidoreductase in ghost membranes without deoxycholate treatment gave much lower values for oxidoreductase activity, mainly because of a masking of activity in intact ghost membranes as reported below. No ghost membrane NADPH-DCIP oxidoreductase was ever detected in any membrane preparation whether or not detergent treatment was used.
Effect of sonic oscillation. Table 1 shows that 380.0 a a a Protoplast ghost membranes were prepared from cells obtained from 1,025 ml of culture medium as described in Materials and Methods.
I Protoplast supernatant fluid was obtained after centrifuging intact protoplasts at 10,000 X g for 15 min; the 100,000 X g supernatant fluid and the 100,000 X g pellet were obtained by centrifugation of the protoplast supernatant fluid at 100,000 X g for 1 hr; protoplast lysate supernatant fluid was obtained after osmotic lysis of protoplasts and removing the ghost membranes by centrifugation at 27,000 X g for 30 min. Protoplast ghost membranes were washed twice in TKM (0.01 M each of Tris, KCl, and MgCI2, pH 7.2), and the final pellet was resuspended in TKM.
cThe protoplast ghost membranes were centrifuged, and the pellet was resuspended in TKMglycerol and sonically treated until the maximal amount of NADH oxidase was obtained.
d Ghost membranes (0.5 ml) in TKM-glycerol was centrifuged at 27,000 X g for 30 min, the supernatant fluid was discarded, and the pellet was suspended in 1 (Fig. 1) . Maximal release of soluble oxidoreductase occurred at the same time that the per cent of oxidase of the sonically treated ghost membrane recovered in the precipitate obtained after centrifugation declined (20 sec and later; Fig. 1 ). This suggests the possibility of an interaction of the solubilized oxidoreductase with terminal components of the electron transport chain localized in the insoluble fraction.
Effect of deoxycholate and urea. The oxidoreductase levels of deoxycholate-treated, nonsonic-treated ghost membranes ( Fig. 1) Figure 2 shows the effect of increasing concentrations of deoxycholate on the oxidase activity of ghost membranes and the solubilization of oxidoreductase. Low concentrations of deoxycholate (below 0.2%) produced high levels of oxidase activity with a peak at 0.05%, although oxidoreductase was solubilized in proportion to deoxycholate concentrations up to 0.2%. Essentially no oxidase was found in the soluble fraction after treatment with any of the detergent concentrations. Cholate, dodecyl sulfate, and Triton X-100 destroyed oxidase activity and solubilized oxidoreductase, but these detergents were not studied in detail.
Urea, at 8 M, solubilized NADH-DCIP oxidoreductase with accompanying destruction of NADH oxidase. The effects of 8 M urea are compared with those of deoxycholate in Table 2 . These experiments were performed with sonically oscillated protoplast ghost membranes, and the effect of urea on the NADH oxidase of intact ghost membranes was not studied.
Effect of glycerol. Stirring of membrane suspensions at 4 C in TKM plus 10% glycerol led to a slow but marked increase in NADH oxidase activity (Fig. 3) . Stirring and glycerol were both essential (Fig. 3) . Separate experiments at room temperature showed no activation of oxidase under any of the conditions depicted in Fig. 3 at 27,000 X gfor 30 min. The pellets were resuspended in I ml of 0.01 M Tris (pH 7.2) containing various amounts of sodium deoxycholate. NADH oxidase activity was assayed after incubating the sodium deoxycholate suspensions at room temperature for 30 min, and the oxidoreductase of the supernatant fluid was assayed after centrifugation at 100,000 X gfor I hr. levels paralleled the oxidase levels; increases were observed only with prolonged stirring with 10% glycerol at 4 C, but no oxidoreductase was solubilized by this procedure.
Removal of magnesium and high pH. When ghost membranes prepared in the presence of magnesium were washed in the absence of magnesium, the masking of oxidase and oxidoreductase diminished, leading to higher membrane enzyme activities. No oxidoreductase was sofubilized by such washes. When EDTA was included in the wash solutions, the unmasking of ghost membrane oxidase and oxidoreductase was increased, but soluble oxidoreductase was also found after EDTA treatment. Table 3 shows results which illustrate the effects of magnesium depletion and EDTA treatment.
When unmasking was accomplished by treatment with low concentrations of deoxycholate, washing of oxidase-containing ghost membranes a Portions (2 ml) of a sonic-treated ghost membrane suspension in TKM were centrifuged at 27,000 X g for 30 min. The pellets were resuspended in 2 ml of 0.01 M Tris (pH 7.4) containing 8 M urea or 0.2% deoxycholate. After incubating at room temperature for 1 hr, the pellets were separated by centrifuging at 27,000 X g for 30 min and resuspended in 2 ml of 0.01 M Tris (pH 7.4).
b Units per milliliter. were diluted with 2 ml of the indicated washing medium, centrifuged, and washed twice with the indicated solutions. Ethylenediaminetetraacetate (EDTA) was 1 mm in Tris. All centrifugations were at 20,000 X g for 30 min. The final pellets were resuspended in TKM. NADH-DCIP, reduced nicotinamide adenine dinucleotide-2,6-dichlorophenol-indophenol. b Based on 1 ml of original protoplast ghost membrane.
in the absence of magnesium did not affect oxidase activity and oxidoreductase activity was not appreciably solubilized (Table 4) . EDTA treatment of the deoxycholate-treated, oxidase-containing ghost membranes caused solubilization of oxidoreductase. Exposure of these ghost membranes to EDTA at pH 9.0 caused destruction of the oxidase with concomitant solubilization of the NADH-DCIP oxidoreductase (Table 4) .
When ghost membranes were prepared in the absence of Mg+ and washed with Tris, it was possible to destroy the oxidase and solubilize the oxidoreductase at pH levels of 9.0 or above without EDTA (Table 5 ). Since these ghost membranes were prepared without Mg2+, oxidase and oxidoreductase were not significantly masked. The lower recoveries of oxidoreductase obtained at pH 10 to 11 (Table 5) were presumably due to the instability of the oxidoreductase at high pH levels.
Dialysis gave essentially similar results. When ghost membranes were prepared with TKM, it was necessary to dialyze against EDTA at pH 9.0 to destroy oxidase and solubilize oxidoreductase. When ghost membranes were prepared in the absence of Mg2+, dialysis at pH 9.0 without EDTA was sufficient to destroy oxidase and solubilize oxidoreductase. phospholipase C. Phospholipase A, prepared as described by Kagawa and Racker (6) , produced effects on oxidase and oxidoreductase similar to the effects observed after EDTA treatment. Effects of inhibitors on NADH oxidase. Sonically treated ghost membrane NADH oxidase was measured in the presence of several electron transport inhibitors, and cyanide, atabrine, and 2-heptyl-4-hydroxyquinoline-N-oxide inhibited NADH oxidation (Table 6) . These experiments and separate spectral and carbon monoxide inhibition studies essentially confirmed the demonstration by Broberg and Smith (3) that the B. megaterium NADH oxidase is a terminal electron transport complex involving b, o, and a type cytochromes.
Electron microscopy. The increased NADH oxidase and oxidoreductase activity of magnesium-depleted and sonic-treated ghost membranes was associated with morphological changes. Figures 4 to 6 compare ghost membranes prepared in TKM with the same membranes suspended in Tris and the Tris-suspended mem- ghost membranes were resuspended in '0.05 M1 Tris and dilute NaOH was added to achieve the desired pH. After 30 min at room temperature, the suspensions were centrifuged at 20,000 X g for 30 min. The pellets were resuspended in 0.05 M Tris (pH 7.4).
b Expressed as total units. branes, and sonic-oscillated membranes, re-cells with respect to sugars (5), and erythrocyte spectively. membranes can be prepared which retain perme-DISCUSSION ability properties with respect to adenosine triphosphate and monovalent cations similar to It is possible that the masking of NADH those of intact red blood cells (17) . It is also oxidase and oxidoreductase activities in ghost possible that true membrane permeability is not membranes prepared in TKM represents an involved; a sterically hindered catalytic site impermeability of the membrane to NADH. could also explain the masking of NADH oxidase Membranes of Escherichia coili can be prepared and oxidoreductase activities. The unmasking which have the permeability properties of whole effects of sonic oscillation. deoxvcholate. M&2+ depletion, and phospholipase A are explicable in This would be consistent with the requirement for terms of either destruction of a permeability stirring and the long time necessary for unmaskbarrier or steric hindrance. No simple explanation ing. It is difficult to understand, however, why can be offered for the unmasking effect of pro-higher temperatures were ineffective when it longed stirring at 4 C with glycerol. It is possible might be expected that they would accelerate a that oxidative metabolism of glycerol is involved metabolic process responsible for the unmasking in changing the permeability of the membrane or effects. the properties of the site of NADH oxidation. Electron micrograph, X 15,560. the absence of Mg2+ (Fig. 5) 
